Introduction
Protective clothing allows workers across many sectors of the economy to work safely, even in conditions where conditions dangerous to health and human life exist. Sometimes, however, the use of the protective clothing can cause a restriction of the movement in professional activities, resulting from too large mass of clothing, reduced discharge of sweat, too much rigidity, or too small flexibility in the materials used, which entails the reluctance or even total abandonment of workers from the protection application [26] . According to the Directive 89/686/EEC, the personal protective equipment, including the protective clothing should be so designed as to preclude risks and other nuisance factors in foreseen conditions of use [5] . Therefore, the protective clothing is tested not only in terms of protective properties, but it is also subjected to an ergonomic analysis.
The currently used methods of ergonomics assessment of protective clothing are based on assumptions contained in the relevant standards: EN ISO 13688: 2013 (the standard on the general requirements for the protective clothing) [22] and EN 469: 2014 (the standard presented the requirements for the protective clothing for the use by firefighters during the action fire) [6] . However, these methods are not the best research tools, because they didn't take into consideration all aspects of the use of protective clothing and ergonomics assessment of protective clothing. They depend only on the subjective feelings of one, rarely a few participants in tests. Therefore, there were found new research tools that would allow for the objective ergonomic assessment of protective clothing [1, 18, 15, 16] . Work in this direction was carried out at the Central Institute for Labour Protection -National Research Institute in Lodz. A new methodology of ergonomics research will take into consideration a variant of reference clothing, which should be related to the results of ergonomics research of protective clothing. It is assumed that clothing has no protective properties, but designed to allow freedom of movement, but made of fabric, which is characterized by a small mass per square meter and thickness and very good biophysical and sensory parameters.
The first step toward the preparation of reference clothing was selection of appropriate fabric based on the results of parameters influencing the physiological comfort and sensorial comfort. The results of such research are presented in this publication.
Abstract:
The Physiological comfort is defined as the state providing the human being with suitable microclimate in layers of the skin during his physical activities in various climatic conditions, while maintaining complete physical and mental efficiency [27] . Figure 1 shows the body's thermoregulatory mechanism, which protects from overheating or cooling down the body. Physiological comfort is largely dependent on the used clothing, its construction as well as the properties of used materials such as the thermal resistance, water vapor resistance, hygroscopicity, and air permeability, which are called the biophysical properties [10, 28] .
The most important factors influencing the thermal resistance of fabric is the thickness, cover factor, surface roughness, and a kind of finishing [3] . Numerous studies show that the thicker fabrics, made from the yarn of the higher linear density exhibit the greater thermal resistance than the thinner fabric [21, 22, 29] . In addition, research conducted by Frydrych, Dziworska, and Bilska [11] have shown that the thermal resistance of fabric depends also on a kind of raw material, from which it is made. Cotton fabrics, regardless the kind of weave, is characterized by the higher thermal resistance than the fabrics made of Tencel yarn.
The moisture transmission through textiles plays a very important role in maintaining physiological comfort [3, 4, 28] . The fabrics, of which the clothing is made, should allow the drainage of perspiration from the skin to the environment in order to cool the body and reduce the degradation of thermal insulation of the fabric caused by moisture buildup [2, 3, 10, 11, 12] . For this to happen, fabrics should be characterized by low water vapor resistance. Research conducted by Das et al. [4] , and Nyak et al. [24] have shown that an increase of polyester content leads to the increase of the fabric water vapor resistance. Gericke and Van der Pol [12] investigated the properties related to physiological comfort of knitted cotton, bamboo, and viscose fabrics of similar structure, mass and finishing treatment, and found no significant differences in their "breathability".
Physiological comfort is also determined by hygroscopicity of the clothing materials, or the ability to absorb moisture from the skin surface [10, 21] . Numerous studies show that this feature depends mainly on the properties of fibers, of which the product was made [19, 20, 28, 31] . The natural fibers are characterized by the good hygroscopicity [30] . Wool fibers are able to absorb up to 50% of the moisture without a feeling of wetness on touch. However, when it comes to synthetic fibers, their ability to absorb moisture is very low [19] . The amount of absorbed water depends also on the fabric weave, as well as its cover factor, and it has been demonstrated that fabrics with a loose, porous structure absorb significantly more moisture as compared to the fabric packed densely [3, 10] .
An important impact on the feeling of physiological comfort comes from the air permeability of fabric. This parameter determines the hygienic property of clothing, because it allows for a drainage of carbon dioxide from the human body to the environment and at the same time it ensures providing fresh air [21, 28] . Several studies have shown that the air permeability is closely related to the structure of the fabric. Fabrics with the loose, porous structure exhibit the greatest air permeability [14, 23, 30] .
As rightly stated, Kobiela-Mendrek [18] , "a human residing in the physiological comfort reaches its maximum intellectual and manual possibilities".
The main aim of this paper is to study the influence of constituent fiber content and fabric structure parameters on their biophysical properties and selecting the fabric ensuring the highest level of physiological comfort.
Experimental

Materials
For research, seven fabrics of different raw material content and different structures were chosen. The fabrics were designated by letters from A to G (Table 1) . In six cases, these are cotton/ polyester fabrics, wherein three of them, i.e., fabrics D, E, and G were characterized by the identical weave and the content of constituent fibers (35% cotton/65% PES), while the remaining structure parameters, i.e., the warp and weft density, warp and weft linear density, mass per square meter, and thickness were different. A viscose/polyester fabric with a preponderance of polyester fibers was also tested.
The selection criterion was the low mass per square meter and appropriate raw materials, i.e., the contents of both the hydrophilic fiber (cotton or viscose) and hydrophobic fiber (polyester). The participation of both kinds of fiber can provide satisfactory biophysical and biomechanical properties.
Methods
The selected fabrics were tested in terms of the following parameters of physiological comfort:
• Thermal resistance • Water vapor resistance
• Hygroscopicity • Air permeability.
The measurements of above parameters were carried out according to the methods described in the appropriate standards ( Table 2 ).
The measurements of thermal resistance and water vapor resistance were performed on the selected fabrics with the use of "skin model." This device simulates processes of emitting heat and moisture, which appear on the human skin.
The measurements of fabric air permeability were carried out on an air-permeability instrument at the pressure difference of 100 Pa between the inside and outside of the fabric.
All measurements were conducted in the Central Institute for Labour Protection -National Research Institute in Lodz.
Results and discussion
The results of measurement of individual fabrics are presented graphically in the bar graphs (Figures 2-5 ). In the bar graphs, for all parameters, standard deviation values are shown.
Thermal resistance
In the case of the reference clothing, it will be more advantageous if it will be made of fabric characterized by lower thermal resistance, which is tantamount to a greater ability to heat exchange between the human body, clothing, and environment.
Among the selected fabric, the fabric designated by letter G indicated the lowest value of thermal resistance, which is understandable, because this fabric is characterized by the lowest mass per square meter and relatively small thickness.
Comparing the value of thermal resistance of fabrics with the identical raw materials (fabrics D, E and G), it is clear that this parameter increases with the increase of mass per square meter. A high content of polyester fibers in relation to the cotton fibers certainly influenced on the low value of thermal resistance of fabric G. It is known from the literature [10] that the polyester fibers indicate much lower thermal insulation than the cotton fibers.
The impact of raw materials on the value of fabric's thermal resistance can be seen, especially in the case of fabrics B and E with the identical weave, but having different contents of cotton and polyester fibers. On the basis of Fig. 2 , it is clear that the fabric B with the higher content of cotton fibers indicates the higher thermal resistance. Air permeability mm/s EN ISO 9237:1995 [7] Aside from fabric G, the fabric F is also characterized by the low value of thermal resistance, despite the high content of cotton fibers. It can result from the kind of used weave, because this fabric has a reinforced twill weave, which is characterized by the smaller number of interlaces than the twill weave used in the case of other fabrics (an exception is fabric C). In turn, the smaller number of interlaces in fabric influences the higher ability to heat exchange, which confirmed these results.
In turn, the highest value of thermal resistance, aside from fabric D (with the highest mass per square meter), was observed also in the case of fabric A. The reason for this may be the relatively high mass per square meter and also the content of viscose fibers (Tencel).
Water vapor resistance
A high level of physiological comfort decided, among the others, the low value of water vapor resistance, which in real conditions of use is the ability of the fabric to allow for the discharge of sweat from the skin surface. The research results indicated that the lowest value of water vapor resistance is displayed by fabric G, as illustrated in the bar graph 2 ( Figure 3 ). Low value of this parameter (except the low mass per square meter and small thickness) can be influenced by the appropriate raw materials. The best effect was reached for cotton/polyester fabrics with the highest content of polyester fibers. Polyester fibers, as hydrophobic materials, practically do not absorb moisture, but they are able to transmit it by diffusion to hydrophilic fibers, such as for example cotton, so that the moisture is drained from the skin surface, giving the user the feeling of comfort.
Moreover, analyzing the graph in Figure 3 , we can see that the water vapor resistance of viscose/polyester fabric A is significantly higher in comparison to other fabrics made on the basis of cotton and polyester fibers. The cotton/polyester fabric denoted by the letter D, with a similar content of polyester fibers as fabric A, identical weave, and similar warp and weft densities, exhibits more than twice less water vapor resistance than viscose/polyester fabric A. Therefore, we can suppose that in the analyzed cases, the decisive influence on the value of R et has a kind of hydrophilic fibers. The use of natural cotton fibers in the fabric structure turned out to be more advantageous from the viewpoint of water vapor resistance than the use of artificial cellulose fibers, Tencel. Given the classification criterion of clothing materials listed, it can be concluded that all the fabrics, except fabrics A and B, meet the requirements for materials with the very good water vapor resistance. Fabrics A and B may be put in the category of materials with the good water vapor resistance. However, they will not be able to provide the highest level of physiological comfort to users.
Hygroscopicity
The other important property influencing the feeling of physiological comfort in the case of outerwear is the hygroscopicity. Research has shown that the cotton/polyester fabric B was characterized by the highest hygroscopicity (Figure 4) . This is mainly due to the high content of cotton fibers, because they constitute as much as 65% of the overall raw material of fabric. The fabric F has somewhat less hygroscopicity than the fabric B despite the higher content of hydrophilic fibers (cotton fibers) that have the ability to absorb moisture. This is probably due to the significantly higher warp density in the structure of fabric F, which directly affects the decrease of fabric porosity and thereby the limitation of the ability to absorb moisture.
The polyester/viscose fabric A also displays high hygroscopicity, mainly due to the content of viscose fibers (Tencel), which are known as highly absorbent fibers. In spite of the high hygroscopicity, this fabric exhibits the very low water vapor resistance compared with the other fabrics. In turn, the fabric G has both the high capacity to absorb moisture (the hygroscopicity less only approximately 1% of hygroscopicity of fabric B) and very low water vapor resistance, which, in fact, allows for evaporation of secreted sweat.
Air permeability
The last tested property of fabrics was air permeability. Research showed that fabric G has the highest value of air permeability ( Figure 5 ). The high value of the air permeability of this fabric was undoubtedly due to its small thickness, because it is one of the thinnest fabrics that were tested. In addition, this fabric has the smallest mass per square meter and it is also characterized by relatively small weft density (Table 1) . Although the warp yarn occur in a large number in the fabric, their linear density is significantly less than the linear density of warp in other fabrics. These factors endow the structure of fabric G with free spaces (pores), leading to the high air permeability of this fabric.
The air permeability of other fabrics include a wide range of 60.1-158.5 mm/s. The lowest value of less than 70 mm/s was achieved for the fabrics D and E, which were characterized by the highest mass per square meter of all the tested fabrics.
Conclusions
For performing the selection of fabric to the reference clothing, there were a need to analyze the impact of various fabric parameters on the user's physiological comfort.
Research showed that the fabric designated by letter G is the best in terms of the thermal resistance. This is mainly due to its low mass per square meter and relatively small thickness. The low value of thermal resistance of this fabric also results from the highest content of polyester fibers, which are known to have low thermal insulation.
Fabric G is characterized also by lowest water vapor resistance. Small thickness and the lowest mass per square meter contribute an improvement of the water vapor resistance of this fabric. According to the classification proposed by the German Institute Hohenstein, fabric G can be classified as the fabric with very good water vapor resistance.
In terms of hygroscopicity, fabrics A, B and F were better than fabric G, which may be due to the high content of Tencel fibres or cotton fibers having a higher ability to absorb moisture.
However, the highest air permeability, at levels more than 200 mm/s, is guaranteed by fabric G. The high value of this parameter results from the high porosity of this fabric.
Thus, the analysis of biophysical parameters of fabrics shows that fabric G the highest level of physiological comfort for reference clothing and is made up of the following raw materials: 35% cotton/65% PES.
